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Sunday, February 16, 2014 137afused to Rem core/carboxyl-terminus inhibited L-current with a concurrent
reduction in charge movement. Thus, our work demonstrates that Rad and
Rem exert their inhibitory effects on L-type channels in differentiated muscle
fibers via distinct mechanisms. We have identified the amino-termini of Rad
and Rem as the structural elements which dictate these specific modes of in-
hibition of CaV1.1. Supported by AG038778 (RAB) and 2T32AG000279-11
(Schwartz).
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Cholesterol (Chol) localizes at high density in lipid rafts and caveolae in the
membrane and regulates ion channel functions. We studied Chol-dependent
regulation of L-type Ca2þ channel current (ICa,L) by applying water- and
lipid-soluble pegylated Chol. A7r5 cells, a cell line from fetal rat aorta,
were incubated with PEG600:Chol (PC) for hours in microtubes. PC dose-
dependently (0.1 - 10 mM) decreased the density of ICa,L recorded by
whole-cell clamp method with Ba2þ as a charge carrier to 51%, while similar
pretreatment by methyl-beta-cyclodextrin (MbCD) dose-dependently (1 - 30
mM) increased it by 61%. Voltage-dependence of the activation was little
affected by them. PC accelerated the time course of the current decay: the ratio
of the amplitude at 500 ms to the peak amplitude (I500/Ipeak) at 0 mV was
decreased from 0.41 in control to 0.26 by 1 mM PC, while the pretreatment
by MbCD increased it to 0.63. The PC-pretreatment shifted finf-V curve to
the left, shifting V0.5 from control29.5 mV to -39.2 mV at 1 mM. In contrast,
MbCD shifted V0.5 to the right to 25.5 mV at 30 mM. The PC-induced
decrease of ICa,L density was reversed to an increase by the addition of
30 mM-MbCD to the tube containing 1 mM-PC. However, it only moderately
reversed the PC-induced decrease of I500/Ipeak and hyperpolarizing shift of
finf-V. By inhibiting amplitude and augmenting inactivation, PC strongly in-
hibited window ICa,L that is mainly responsible for depolarization-induced
contraction in the arterial smooth muscles. PC-induced increase of membrane
stiffness due to the increase of the total content of Chol and/or direct interac-
tion of PC with signaling lipids and proteins including CaV1.2 could explain
these changes of ICa,L.
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In neurons, Ca2þ influx through L-type voltage-gated Ca2þ channels (LTCC)
couples electrical activity to changes in transcription. LTCC activity is
elevated by the cAMP-dependent protein kinase (PKA) and depressed by
the Ca2þ-dependent phosphatase calcineurin (CaN), with both enzymes local-
ized to the channel by A-kinase anchoring protein (AKAP) 79/150. AKAP79/
150 anchoring of CaN also promotes LTCC activation of transcription
through dephosphorylation of the nuclear factor of activated T-cells
(NFAT). We report here that genetic disruption of PKA anchoring to
AKAP79/150 also interferes with LTCC activation of CaN-NFAT signaling
in neurons. Disruption of AKAP-PKA anchoring promoted redistribution of
the kinase out of dendritic spines, profound decreases in LTCC phosphoryla-
tion and Ca2þ influx, and impaired NFAT movement to the nucleus and acti-
vation of transcription. Our findings support a model wherein basal activity of
AKAP79/150-anchored PKA opposes CaN to preserve LTCC phosphoryla-
tion, thereby sustaining LTCC activation of CaN-NFAT signaling to the
neuronal nucleus.
Voltage-gated K Channels I
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The human Ether-a`-go-go related gene (hERG) encodes a voltage-gated po-
tassium channel and represents the molecular correlate of the IKr current,which is one of the potassium currents involved in the repolarizing of the car-
diac action potential. Inhibition of hERG prolongs the QT interval in the elec-
trocardiogram and enhances the risk for severe or even fatal arrhythmias.
Detection of unintended interactions with hERG is therefore an important
issue when compounds are approved for drug development. In the present
study we have explored Saccharomyces cerevisae as a host for heterologous
expression of the hERG channel. Yeast codon optimized hERG cDNA was
used to generate expression plasmids producing the hERG channel C-termi-
nally fused with either a His10 or a TEV-GFP-His8 tag. The latter was gener-
ated to ease quantification of the expression level, to allow live cell
bioimaging, development of a purification protocol and assessment of the
quality of the recombinant protein. Both gene fusions were expressed from
a galactose inducible promoter located on a plasmid with a regulatable
copy number in a yeast strain overexpressing the Gal4 transcriptional acti-
vator. 48 hours after induction recombinant hERG accumulated to approxi-
mately 1.6% of total membrane content when produced at 15C in amino
acid complemented media. A solubilization screen established Fos-Choline-
12 as a superior detergent for hERG solubilization. Solubilization in Fos-
Choline-12 supplemented with cholesterol hemisuccinate generated a
monodisperse FSEC (fluorescent size-exclusion chromatography) profile
and caused recombinant hERG to elute in its native tetrameric form. In-gel
fluorescence of SDS-separated yeast membranes showed that recombinant
hERG protein has the expected molecular weight. Complementation assays
in S. cerevisiae revealed that the heterologuosly expressed hERG is able to
rescue the high potassium requirement of a trk1D, trk2D yeast strain indi-
cating that the recombinant hERG is functional.
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The long QT syndrome (LQTS) is a cardiac dysfunction that prolongs the
heart repolarisation interval, leading to cardiac arrhythmia or failure. This
pathology can be induced by off-target effects of drugs which block the hu-
man ether-a-go-go related gene (hERG) potassium channels located in the
myocardium cell membranes. To reduce the risks of this acquired LQTS, reg-
ulatory authorities demand in vitro testing of all new drug entities for hERG-
blocking potential. As the pore domain of the hERG channel is an important
target of LQTS-prone drugs, the objective of our work was to express and
purify this region (Asp540-Tyr673) in E. coli to allow biophysical and elec-
trophysiological studies. The detergent sarkosyl was employed for the solu-
bilisation and a His6 N-terminal tag was used to isolate the transmembrane
pore domain of hERG with yields of approximately 0.5-1 mg per liter of
LB media. Mass spectrometry and Western blot confirmed the identity of
the protein and circular dichroism showed that the majority of the hERG
pore domain segments adopt an a-helix structure as was expected from
sequence homology with other Kþ channels. The functionality of the channel
is proven by incorporating it into lipid bilayers formed using Montal Mueller
method.
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The generation of human induced pluripotent stem cells (hiPSCs) by controlled
delivery of reprogramming factors provides a novel path for a wide range of
disease research, including type 2 long QT syndrome (LQT2). The human
ether-a-go-go related gene (hERG) encodes the a-subunit of a voltage-gated
potassium channel underlying IKr. hERG potassium channels contain nearly
300 different disease-causing mutations, which can lead to LQT2. Its N-termi-
nal region contains an eag domain, which is important for modulating channel
deactivation properties. R56Q is a LQT2-associated point mutation located in
the eag domain, which is a defect known to increase the rate of deactivation
profoundly. We previously showed that isolated eag (i-eag) domains rescued
the dysfunction of hERG R56Q channels by replacing the covalently attached,
but defective eag domains when the channels were expressed in Xenopus oo-
cytes or HEK 293 cells. Our goal was to determine whether the rescue of
138a Sunday, February 16, 2014hERG R56Q channels by i-eag domains could be translated into the environ-
ment of cardiac myocytes. hERG R56Q channels were expressed in hiPSC-
derived cardiomyocytes (hiPSC-CMs) and electrical properties of the cells
were measured with whole-cell patch-clamp. We found that, like in non-
myocyte cells, hERG R56Q had fast deactivation kinetics when expressed in
hiPSC-CMs. We report here that i-eag domains slowed the deactivation
kinetics in hERG R56Q currents in cardiomyocytes by making a direct associ-
ation with hERG R56Q channels, as measured with FRET spectroscopy, which
means that the modulatory role of i-eag domains function in the environment of
cardiomyocytes. Isolated eag domains rescued the dysfunction in hERG R56Q
channels in the cellular environment of a cardiomyocyte, which shows that they
may be useful as a biological therapeutic.
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Ether-a-go-go (EAG or KCNH1) potassium channels are inhibited by increases
of intracellular calcium concentration [Ca2þ]i through a calmodulin (CaM)
mediated mechanism. Three CaM binding sites have already been identified
on intracellular domains, one close to the N-terminally located eag-domain
and two close to the cyclic nucleotide binding homology domain (cNBHD)
on the C-terminus. Crystal structures of the cNBHD have revealed that instead
of binding cyclic nucleotides the binding pocket is occupied by a short b-strand
(intrinsic ligand). In this study we set out to elucidate the role of the cNBHD
and intrinsic ligand in CaM regulation of these channels. hEAG1 currents
were recorded in Xenopus oocytes using two electrode voltage clamp. Eleva-
tion of [Ca2þ]i by application of the Ca
2þ-ionophore ionomycin (5mM) and
SERCA inhibitor thapsigargin (5mM) profoundly inhibited wild-type (WT)
hEAG1 currents in a manner that was blocked by the CaM binding peptide mas-
toparan. Mutation of the intrinsic ligand slowed the time to 80% activation at
þ40 mV (t80%,act) from 256.35 5 31.05 ms (n=6) in WT hEAG1 to 1046 5
15.62 ms (n=3) in Y672A:L674A hEAG1. Substitution of binding pocket res-
idues with large residues also caused similar slowing of t80%,act (e.g. 682.65
17.9 ms for A609L, n=3). Despite this, none of these mutations caused a reduc-
tion in Ca2þ-sensitivity. However, deletion of the cNBHD abolished the
response to elevated [Ca2þ]i and also had a profound effect on channel gating
(t80%,act 426.6 5 44.67 ms, n=3). Overall, our results suggest that an intact
cNBHD is required for Ca2þ-dependent inhibition, but reducing the affinity
of the intrinsic ligand for its binding pocket is important for gating not Ca2þ-
sensitivity.
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Understanding the molecular basis of hERG (Kv11.1) inhibition is essential for
drug development. Here we systematically analyzed the mechanism and po-
tency of hERG inhibition by a library of 13 dofetilide derivatives1. Currents
through hERG channels stably expressed in HEK 293 cells were studied
applying whole-cell configuration using planar patch clamp technique2.
The estimated IC50s ranged between 4.350.7nM (LUF6200) and 297577nM
(LUF6139). An inverse relation was observed between potency (IC50) and rate
of block development. Analysis of the kinetics of block development revealed
that potency of dofetilide derivatives is predominantly determined by the drug
dissociation rate constant. In general, higher molecular weight led to higher
apparent drug affinity (r = 0.9).
LUF6200, the most active compound, has 2 nitro groups in para position of the
two aromatic rings and an ethyl moiety at the basic nitrogen atom. Pursuing a
Topliss approach at the phenoxy group further supports the positive contribu-
tion of the nitro group1, showing that substituents with electron withdrawing
groups in para position of the phenyl ring are beneficial for hERG blocking ac-
tivity. This points towards a pi-pi interaction of at least one of the aromatic
rings of dofetilide analogs with respective aromatic amino acids in the channel.
Docking of the set of compounds into a homology model of the hERG channelsupports this finding. A refined molecular model for dofetilide-hERG interac-
tion based on the novel functional data and mutational studies is proposed.
1. Shagufta et al. Exploring Chemical Substructures Essential for hERG Kþ
Channel Blockade by Synthesis and Biological Evaluation of Dofetilide Ana-
logues. ChemMedChem 4, 1722-1732 (2009).
2. Farre, C. & Fertig, N. HTS techniques for patch clamp-based ion channel
screening - advances and economy. Expert Opin. Drug Discov. 7, 515-524
(2012).
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hERG Kþ channels are sensitive to pharmacological inhibition by many
different drugs including Class I and Class III antiarrhythmics. These drugs
exhibit differences regarding the reliance of hERG current (IhERG) blockade
on channel inactivation: Class Ia (quinidine and disopyramide) and Ic (propa-
fenone) agents are less dependent on inactivation than are Class III methanesul-
phonanilide compounds (dofetilide and E-4031) (1-3). Flecainide is a Class Ic
agent that inhibits IhERG at clinically relevant concentrations (4) and its sensi-
tivity to hERG inactivation has not been systematically investigated. This study
was undertaken to evaluate the influence of inactivation on flecainide blockade
of hERG, through the use of attenuated-inactivation mutants S631A, N588K
and S631A/N588K (3). IhERG was recorded using whole-cell patch-clamp
at 37oC from hERG-expressing HEK293 cells. IhERG tails were measured
at 40mV after a 2sec depolarizing step from 80mV to þ20mV (nR5 at
each concentration). Flecainide produced a concentration-dependent inhibition
of wild-type (WT) IhERG with an IC50 of 1.49mM (CI:1.27-1.74). The IC50
for inhibition of S631A-IhERG [7.49mM (CI:6.33-8.87)] was ~5-fold that for
WT-IhERG, whilst that for N588K-IhERG [6.50mM (CI:5.37-7.88)] was
~4.4-fold that of WT-IhERG. The S631A/N588K double mutant, which leads
to a greater attenuation of IhERG inactivation than does either individual mu-
tation (3), exhibited an IC50 [19.16mM (CI:15.43-23.80)] ~12.9 fold that of
WT-IhERG. Comparison of these data with prior work using these
inactivation-mutants (3) is suggestive that flecainide inhibition of IhERG de-
pends on inactivation to a slightly greater extent than Class Ia drugs and the
Class Ic drug propafenone, but to a much lesser extent than does E-4031.
Funded by the British Heart Foundation.
1. Ficker et al. Circ Res 1998; 82:386-95.
2. Perrin et al. Mol Pharmacol 2008; 74:1443-52.
3. McPate et al. BJP 2008; 155:957-966.
4. Paul et al. BJP 2002; 136:717-29.
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Block of hERG1 Kþ channels by many drugs delays cardiac repolarization,
prolongs QT interval and is associated with an increased risk of cardiac
arrhythmia. A common finding is that high affinity binding of potent hERG
channel blockers is inactivation state dependent. The most compelling evi-
dence for this assertion is that point mutations in hERG that inhibit or elimi-
nate inactivation gating (e.g., S620T or G628C/S631C) can reduce drug
affinity by >100-fold. Here we examine the link between hERG1 inactivation
and blocker affinity in more detail by characterization of concatenated tetra-
mers containing a variable number of subunits harboring mutations that disrupt
inactivation. For concatenated tetramers containing only wild-type hERG sub-
units (wt4) the IC50’s were 0.20 mM, 0.16 mM, 0.18 mM for cisapride, MK499
and dofetilide, respectively. The presence of a single S620T subunit in a
tetramer (ST1/wt3) disrupted inactivation gating (þ76 mV shift in V0.5) similar
to a homomeric S620T tetramer (ST4; þ87 mV shift in V0.5). For ST4 chan-
nels, IC50’s were 10.6 mM, 6.97 mM, 14.1 mM for cisapride, MK499 and do-
fetilide, respectively. In contrast, for ST1/wt3 channels the IC50’s were 0.60
mM, 1.51 mM, 3.16 mM for the same three drugs. Thus, despite similar effects
on inactivation, drug sensitivity of ST4 channels was significantly less than
ST1/wt3 channels, indicating that the S620T mutation alters drug binding by
a mechanism other than attenuation of inactivation. Unlike S620T, the double
mutation G628C/S631C completely eliminates inactivation and concatenated
tetramers containing either one or four G628C/S631C subunits induced the
same 2.5-fold decrease of cisapride sensitivity (IC50: 0.50 mM and 0.47
mM). Together these findings indicate that preferential binding of drugs to
the inactivated state of hERG channels is far less important than is commonly
claimed.
